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High Temperatureperformance of 10 KiIOVOlts, 200Amperes(Pulsed)
4H-SiC PiN RectifierS

Ranbir Singh, K. G. Irvine, J. T. Richmond,andJ WPalmour
Cree, Inc., 4600Silicon Dr.. DurhamNC27703

Ph.' 919-313-5540, Fax.' 919-313-5696, E-mail.' ranbir_singh@cree.com

SiC is a superior material system for the fabrication of ultra high voltage devices since it is

capable of sustaining a very high power density, which can be switched at an extremely high

speed, while operating at very high temperatures. Suchdiodes would be suitable for solid state

power conditioning systems for high power radar, directed energy weapons, X-ray generators,

electrostatic precipitators and high powerLASERS.This paper reports the highest power single

chip 4H-SiCPiN rectifier demonstrated to date, with a2MegaWatt(Pulsed) capability.

These diodes had an active metallized Anodearea of approximately 0.09 cm2(3mmX
3mm).Ahigh purity, 150 umn~ epitaxial layer dopedat 7E14cm~3wasused in the fabrication of

these rectifiers. This voltage-blocking layer was grown using a refmed hot wall CVDgrowth

reactor yielding low epi defect densities. The highly doped, I .8 ump+ Anodewas grown
epitaxially in order to obtain good carrier injection during on-state operation. To prevent

premature breakdown, the voltage blocking layer wasexposed using reactive ion etching, and a
400 umwide, optimized Junction Termination Extension (JTE) was implemented using a p-type

implant at the periphery of the device edge. The SiC surface at the edges were then passivated

using a thick Si02 Iayer. This termination allowed a 10 kV blocking capability with a leakage

current of only 20 uAfor these 3mmX3mmdiodes. Measurementsconducted up to 200"Cand 3
kVshowpractically no change in the leakage current using our measurementsystem with a 3uA
sensitivity. Measurementsat higher voltages will be presented at the conference.

The forward characteristics were found to be fairly uniform on rectifiers fabricated

throughout the wafer, with most rectifiers turning on close to the built-in voltage (2.9 to 3V) of

4H-SiC. Thereafter, these rectifiers have a muchsteeper I-V slope as comparedto Si diodes. At

roomtemperature, pulsed measurementsusing a high powercurve tracer showsthat the forward

voltage drop was 4.5 V at 100 A/cm2 (10 A); 7.07 V at 500 A/cm2 (45 A); and only 12.5 V at

2200 A/cm2 (200 A). On-state measurementsconducted in the room temperature to 200"C

temperature range (in 50'C intervals) showa slight reduction in on-state voltage drop from 7.2 V
to 6.9 Vat 50 Aon this packageddevice.

These rectifiers show fairly stable reverse recovery switching characteristics as the

operating temperature wasincreased from 25'C to 200~C.A forward current of 20 A(220 A/cm2)

wasswitched at a reverse dl/dt of 120 A/usec with an applied reverse voltage of 100 V. At room
temperature, the peak reverse recovery current of only 8.7 Awasobserved and the device turned

off completely within 600 nsec. This complete turn-off time increases to I usec at 200'C under
similar test conditions. Thepeak reverse recovery increases amodest72"/* to 15Abetweenroom
temperature and 200"C.

Wafer mapsshowing the distribution of on-state voltage drop and blocking voltage show
fairly goodyields whena criteria of >7 kV, 4.5 V (100 A/cm2) is used. Thesedata and the details

of high temperature measurementswill be presented at the conference.

This work is supported in part by wright Labs under DUS&TTechnology Investment Agreementnumber

F33615-01-2-2 108, monitored by Jim Scofield.
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Electrical Activation of Implanted Phosphoruslons in (OOO1)/(112O)-oriented 4H-SiC

F. Schmidl. M. Laubel, G. Pensll andG. Wagner2

1Institute of Applied Physics, University of Erlangen-Nnrnberg, Staudtstrasse 7,

D-91058 Erlangen, Germany,e-mail: gerhard.pensl@physik.uni-erlangen.de
2 Institut fur Kristallzilchtung, RudowerChaussee6, D-12489Berlin. Germany

Rutherford Backscattering and Cross-Sectional Transmission Electron Microscopy investi-

gations conducted by Satoh and Nakaike (Ist Int. Workshopon Ultra-Low Loss PowerDevice
Technology, May2000, Nara, Japan) revealed that implantation-induced amorphous6H-SiC
epilayers oriented in (11 OO)-direction could largely be recrystallized at 1500'C preserving the
polyiype of the underlying layer, while (OOOI)-oriented 6H-SiCepilayers showeda high den-
sity of extended defects even after an anneal at 1700'C.
In this study, wehave performed comparative Hall effect investigations on phosphorus (P)-

implanted, Si-face/a-plane ((OOO1)/(11 2O)-oriented) p-type 4H-SiC epilayers in order to

examinewhether the electrical activation of Pdonors implanted into a-plane samples is also

superior to that one in samples with Si-face. Wel~mplantedtwo Pbox profiles (profile I: Ti~pl

= room temperature, depth = I .3 um, [P] = 10 cm~3, profile 2: Ti~pl = 500'C, depth = 0.8

um, [P] =
I020 cm~3) and performed annealings in the temperature range from 1400' to

1700'C. As an example, the temperature dependenceof the free electron concentration n and
of the electron Hall mobility u for two pairs of samples oriented in (OOO1)(samples 1(Si)/

2(Si)) and in (1 12O) (samples l(a)/2(a)) direction are displayed in Figs. 1(a)/(b). Sample1/2

wasimplanted with the Pprofile l/2. All the sampleswere annealed at 1600'C. Thefollowing
results are observed: (i) The electrical activation of Pdonors implanted into (OOO1)- and
(1 12O)-oriented 4H-SiC epilayers is identical; the compensation in (OOOl)- oriented samples
in general exceeds that one in (11 2O)- oriented samples (see Fig. 1(a)). (ii) Pdonors can
completely be activated in both types of samples up to a concentration of l020 cm~3. (iii) The
electron Hall mobility strongly differs in (OOO1)/(1120)-oriented 4H-SiC epilayers (see

Fig. l(b)); its ratio at room temperature is in sarnples #1: u(1(a))/u(1(Si)) * I .3 and in

samples #2: u(2(a))/ u(2(Si)) * 2.2. The physical reasons for the observed differences in the

electron Hall mobility will be discussed in the paper.

Fig.1: (a) Free electron concen-
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ature obtained from Hall effect

investigations on P-implanted p-
type 4H-SiC epilayers. (b) Hall
mobility versus temperature.
Implantation:

samples 1(Si)/(a): P-box profile,
18depth = 1.3 um, [P] = 10 cm~3

Ti~pl = roomtemperature.
samples 2(Si)/(a): P-box profile,

depth = 0.8 um, [P] =
I020 cm~3.

Ti~pl = 500'C.
Annealing of samples 1(Si)/(a)

and2(Si)/(a):

TA=1600'C, t*=30 min.
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Selective EpitaXial Growthof Pyramidal 3C-SiCon

Patterned Si Substrate

Y.Okui. C.Jacob* .S.Ohshimaand S.Nishino

Departmentof Electronics and Information Science. Kyoto Institute of Technology
Matsugasaki

.
Sakyo. Kyoto 606-8585. Japan

Tel : +81-75-724-74 15. Fax: +81-75-724-7400
Indian Institute of Technology*

E-mail: okui7y@djedu.kit.ac.jp, nishino@djedu.kit.acJp

Cubic silicon carbide has been grown epitaxially on Si substrates for many years. The
heteroepitaxial growth of 3C-SiCon Si has indicated the promise of high mobility devices. However, a
high density of interfacial defects (misfit dislocations, voids) as well as other defects (threading

dislocations, twins, stacking faults) result in the growth of lower quality material. Asuitable approach

towards solving this problem is the use of selective epitaxial growih onpattemedsilicon substrates
.

Figure I shows the schematic of the fabrication procedure for pyramidal growth. All samples

were grownby atomospheric-pressure chemical vapor deposition (APCVD)using hexamethyldisilane

(HMDS). The substrates used were a (111)-
3C-SiCSiO

oriented silicon substrates previously pattemed 2

by depositing a SiO Iayer as the mask followed =": + : +,::=:1: •.=:=+:

2 ,
,'(a)+,~=,+

: '~='., f: .Sl ,(1.1

by conventional photolithography techniques.

The windows are of different shapes (square,

circle, hexagonal, parallel lines )with their edges
oriented mostly along the 10> directions. Thin
3C-SiC Iayer was grown on Si exposed through

windows. After removing Si02 mask, patteming

of the seed 3C-SiC Iayer was achieved by
etching process to removeSi around thin 3C-SiC
layer. The regrowth was carried out at the

growth temperature of 1350'C. As a result of

regrowth, selective growth of 3C-SiC pyramid
with three facets was observed as shown in

Figure 2. This approach prevents the propagation

of threading dislocations originating from the

3C-SiC/Si interfaces. Therefore, Iateral growih
of a 3C-SiC Iayer until coalescence results in a
3C-SiC Iayer of low defect-density material. The
triangular pyramids were formed on the seed3C-
SiC of different shapes (square, circle,

hexagonal) without the shape of parallel lines.

This indicates that the facets of each triangular

pyramid do not depend on shape, wide and
periodicity of the seed 3C-SiC. The air-gap was
observed under the free-standing laterally grown
3C-SiC in the cross-sectional SEM.

3C-SiC ai r-ga p

Fig. I .
Schematic of the procedure for

pyramidal growth. (a) CVDof thin 3C-SiC
layer at window, (b) wet etching of Si02 mask,
(c) dry etching of Si, and (d) regrowth of 3C-
* =*

Fig. 2. Nomarski image of a triangular pyramid
of 3C-SiC grown selectively by CVD.
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Heteroepitaxial Grouth of Defect-Free 3C•SiCon Step-Free Hexagonal(OOO1)SiC Mesas

Phili G. Neudeckl. J. AnthonyPowelll,and AndrewJ. Trunek2
iNASAGlennResearchCenter, 21000Brookpark Road. Mail Stop 77- I ,

Cleveland, OH44135,
U.S.A. Phone: (216) 433-8902; Fax: (216) 433-8643;E-mail: neudeck@grc,nasa.gov
20hio Aerospace Institute, Cleveland, OH44142. U.S.A.

Abstract: Previous efforts to grow 3C-SiC heteroepitaxial films on Si and a-SiC substrates all

yielded films containing extended defects such as double-positioning boundaries (DPB'S) and/or

stacking faults (SF' s), Ieading to poor electrical performance of devices fabricated in these films.

The formation of SiC mesasurfaces as large 0.2 x 0.2 mmcompletely free of even a single atomic

step was recently reported [1]. As described in [1], these surfaces are produced on 4H- or 6H-SiC
wafers (on-axis) by first dry etching trench patterns into the wafer surface to form an array of
isolated growth mesas. Pure stepflow epitaxial growth, carried out under conditions that suppress

2Dterrace nucleation, is then used to grow all initial surface steps on top of each mesaover to the

edge of the mesa, Ieaving behind a top mesasurface completely free of atomic steps. Howeveras
reported in [1], mesasthat initially contain screw dislocation defects cannot be flattened due to the

continual spiral of newgrowth steps that emanatefrom screw dislocations during epitaxial growth.

The heteroepitaxial growth of 3C-SiC films completely free of DPB's and SF's has nowbeen
achieved at NASAGlenn on step-free 4H/6H-SiC mesas. In the absence of steps that provide a
template for maintaining hexagonal substrate polytype during homoepitaxial growth, a single

variant of the 3C-SiC polytype can be controllably nucleated and grown without any extended
crystal defects on the step-free (OOOI) basal plane surface. Our experiments confirm that such
defect-free growth is not possible without a step-free surface, as the presence of any steps on the

nucleation surface produces disorder (i.e., extended defects) in 3C-SiC heteroepitaxial films grown
thereon [2]. In particular. SFand DPBdefects are observed on 3C-SiC films grown on 4H-SiC
substrate mesasthat could not be rendered step-free prior to 3Cnucleation because they contained
substrate screw dislocations. In contrast, under conditions of initial low nucleation rate on the step-

free mesas, perfect 3C-SiC films (i.e., no observed defects) were reproducibly grownon mesasup
to 0.4 mmby 0.4 mmin size.

[1] J. Powell, et, al. Appl. Phys. Lett., vol. 77, no. 10, pp. 1449- 1451, 2000.
[2] H. Matsunami, et, al. Springer Proc. Physics, vol. 34, pp. 34-39, 1989.

Fig. 1: Defective 3C-SiC heteroepitaxial layer

with DPB's and SF' s grownon a 0.2 mmx 0.2

mm4H-SiC mesa that was not step-free

because it contained screw dislocations.

Fig. 2: 3C-SiC heteroepitaxial layer with no
DPB's, and no SF's on a 0.3 mmx 0.3 mm
4H-SiC mesa. Both Fig. I & 2 oxidized to

mappolytype (dark = 3C) and defects.
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AIGaN/GaNHETEROFIELD-EFFECTTl~NSISTORFORA LARGECURRENT
OPERATION.
Seikoh Yoshida, Hirotatsu Ishii, and Jiang Li

YokohamaR&DLaboratories, TheFurukawaElectric Co., Ltd

2-4-3, Okano,Nishi-ku, Yokohama,220-0073, JAPAN
Tel:+81-45-3 11-121 8, Fax:+81-45-3 16-6374, e-mail:seikoh@yokoken.furukawa,co.jp

GaNand related semiconductors are very promising for electric devices which can be

used under high-power, high-frequency, and high-temperature conditions. Especially, it is

expected that the on-state resistance of a GaNfield-effect transistor (FET) is expected to be

lower than that of Si or GaAsdevices. However, there is no experimental report concerning

the on-state resistance of a GaN-basedFET. In this paper, it is reported for the first time that

an AIGaN/GaNhetero FET(HIFET) wasoperated above20 A, and that the on-state resistance

of the FDFETis lower than~that of a Si-based FET. AundopedAl0.2Gao8N(30nm)/GaN(2um)

heterostructure was grown on the sapphire substrate using a gas-source molecular beam
epitaxy. The mobility of Al0.2Gao8N/GaNheterostructure was about 1200 cm2/Vsat room
temperature. Weinvestigated the breakdownvoltage of undopedGaNIayer. Thebreakdown

voltage of undopedGaNwasover 2000V (2 MV/cm).Before the formation of electrodes, Si-

dopedGaNwith a carrier concentration of 5xl019 cm~3wasselectively grown in the source

and drain regions in order to obtain avery low contact resistance.

Afiter that, a large-size Al0,2Ga0.8N/GaNHFETwasfabricated. TheFETstructure was
formed using a dry-etching technique. Thegate width was20 cmand the gate length was2
um. The distance of source and drain was6um. The source and drain also had a multi-finger

structure. Theelectrode materials of the source and the drain were Al/Ti/Au and the Schottky

electrodes were Pt/Au. Thedistance betweenthe source and drain was6um. Multi-electrode

structures were also fabricated using Si02 for isolating the source, drain, and gate electrodes,

respectively. TheFDFETwasoperated at a current of over 20 A. Theon-state resistance of the

HFETwasabout 2m~cm2.Thetransconductance (gm) ofthis HFETwasabout 120 mS/mm
It was also confirmed that the breakdownvoltage of schottky property was over 600 V.

Therefore, ahigh powerAIGaN/GaNHFETwasthus demonstrated
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